A B S T R A C T Fatty acid synthesis from radiopropionate was evaluated. in sural nerve biopsy slices from five normal controls and nine patients with pernicious anemia.
lism of propionic acid (8) . In this pathway (Fig. 2) , propionic acid is converted to propionyl-CoA and then to the inactive (D) isomer of methylmalonyl CoA (MMCoA). Racemization converts this to the active (L) form. The final step in the pathway to succinyl-CoA consists of an intramolecular rearrangement of the carbon chain of MM-CoA by methyl malonyl mutase, a reaction which requires B12 coenzyme as a prosthetic group. The biologic importance of this pathway in pernicious anemia is documented by the presence of methylmalonic acid in serum, cerebrospinal fluid, and urine as well as propionic aciduria. That this reaction has an indispensable requirement for vitamin B12 is emphasized by the failure of folic acid to correct the defect in propionate metabolism in the B12-deprived state (8) .
The biochemical basis of the neurologic lesion in pernicious anemia is not known. Since folic acid does not improve the neuropathy and since there are only two reactions known to require B12 in man, it seems attractive to suppose that the neurological lesion in B12 deficiency is associated with abnormal propionate metabolism. It is known that myelin lipids turnover at a significant rate (9) (10) (11) and that myelin renewal requires normal fatty acid synthesis (12 (13) . Conceivably, deranged fatty acid synthesis could result in abnormal myelin which in turn might be an accompaniment of the neuropathy of pernicious anemia. For these reasons the present study was undertaken to evaluate propionate metabolism in the peripheral nerves of patients with pernicious anemia.
METHODS
Clinical studies. Biopsies of the sural nerve were performed prior to any therapy; informed consent was obtained. In one patient with pernicious anemia a biopsy was also obtained from the gluteal fat. A diagnosis of pernicious anemia was made in nine patients, ages 38-80 (of which two were beyond age 63), after a careful history and physical examination where there was evidence of a macroovalocytic anemia with hypersegmentation of the polymorphonuclear leukocytes. Bone marrow aspiration in all patients revealed classic megaloblastic erythrocytic hyperplasia with giant metamyelocytes. The serum vitamin B12 levels (14, 15) were below 120 pg/ml (normal 200-800 pg/ml), and the serum folate levels (16) were greater than 4.0 ng/ml (normal 3.2-18 ng/ml). Gastric analysis revealed achylia gastrica with no change or a slight rise in the pH of gastric secretions following maximum histamine stimulation. Methylmalonic aciduria (17) was present in all the patients as was urinary excretion of propionic acid (18) in the five patients in whom the test was performed. Further documentation of the diagnosis was achieved by evidence of a reticulocyte response, repair of the anemia and reversion of the marrow to normoblastic maturation with "physiologic" doses of vitamin B12 (1-10 ,ug/day i.m.). Subsequent COENZYME 612
The propionic acid metabolic pathway. corroboration was made by Schilling tests (19) and intrinsic factor assays (20 After 2 h incubation the reaction was stopped by rinsing the tissue twice in cold buffer following which the flask contents were saponified by autoclaving with 2.0 ml of 90% KOH for 60 min (20 lb pressure, 250'C). Hexane extraction of the aqueous alkaline specimen was performed, and the upper (hexane) phase was separated and counted. The lower phase was then acidified with concentrated HCl to pH 1.0. After 10 min it was extracted three times with 30 ml of petroleum ether, evaporated to dryness, and made up to fixed volume. A portion was assayed by thin layer chromatography to document that only free fatty acids were present, and radioactivity was assessed (22, 23) .
The sample was again evaporated to dryness, and methyl esters of fatty acids were prepared by the addition of 5 ml of anhydrous methanol and 0.1 ml of concentrated H2SO4 with refluxing for 30 min at 1000C on a sand bath. An equal volume of water was added, and the sample was extracted twice with petroleum ether. 2 ml of 0.1 MI sodium bicarbonate was added to the extracts, and, following shaking, the petroleum ether extract was recovered and evaporated to dryness. A measured volume of acetonitrile was added, following which the material was assayed by gas-liquid chromatography (GLC).
Gas-liquid chromatography of the fatty acid methyl esters was performed on 6 ft columns using either a Barber- Where indicated the separated fatty acids were hydrogenated by the method of Kishimoto and Radin (25) . In separate experiments completeness of the catalytic reduction process was documented.
Preparation and separation of myelin. Separation of myelin was carried out following the incubation of the nerve slices with radiolabeled propionate in some of the specimens. The preparation and separation of myelin was by the method of Smith (26) . Because of the limited size of the nerve samples co-extraction with a large mass of peripheral nerve tissue obtained at autopsy was required. It was separately documented that the carrier nerve tissue was biologically inactive and would not incorporate either ["4C]acetate or ['4C]propionate into fatty acids. Myelin purity was evaluated by electron microscopy and residual protein content (10, 27) .
RESULTS
Incorporation of [1-14C] trol and seven patients with pernicious anemia. Nerves from one control and two patients with PA were utilized for the separation of myelin and are described below. The partition of fatty acids from the normal nerve is displayed in the upper panel of Fig. 3 . The pattern obtained from the nerve in pernicious anemia patients was distinctly different (Fig. 3, bottom panel) . At least two peaks were noted in the GLC analysis of fatty acids from the nerves from pernicious anemia patients that were not found in the normal nerves. One peak was evident between the myristic (C14 0) and palmitic (C16 * 0) and a second one just beyond palmitoleic (C16 1). The retention times for the normal fatty acids were same for the normal and for nerves obtained from pernicious anemia patients, with the exception of minor variation inherent in the method. In experiments not shown much larger quantities of fatty acids from control nerves were injected into the GLC. Even under these conditions or with increased sensitivity settings on the GLC, no peaks comparable to those seen in the nerves from pernicious anemia patients could be identified. In addition, these peaks were not demonstrated in the two nerves obtained from the patients with folate deprivation. Tentative identification of the two fatty acids that primarily incorporated the radiopropionate (see Fig. 3 ) was obtained by comparison with the GLC retention times of known methyl fatty acid standards. The unknown peak identified between myristic (14.0) and palmitic (16.0) acids had a retention time and pattern seen with anti-iso-Cl 5 standards; that noted between palmitoleic (16.1) and stearic (18.0) acids was compatible with that of a C17 fatty acid.
Another means of characterization of these fatty acids is shown in Fig. 4 Fig. 4 ) was added to a second portion of the sample. Chromatography of that portion is recorded in the lower panel of Fig. 4 , which depicts a reasonable addition of the anti-iso-C15 standard to the unknown peak and symmetry of that peak suggesting homogeneity and identity of these fatty acids.
Further characterization of these two fatty acids was performed by hydrogenation. Since catalytic reduction is known to reduce unsaturated fatty acids, hydrogenation of the isolated fatty acid methyl esters was done. As displayed in Fig. 5 the isolated fatty acids had the same retention times when rechromatographed following hydrogenation as they did prior to hydrogenation, a finding that supports the suggestion that the original fatty acids were saturated.
Finally, preliminary mass spectroscopy2 of these two peaks is consistent with their being a C15 and a C17 fatty acid. Further characterization of these fatty acids is currently in progress.
Quantification of the fatty acids. Total lipids determined in portions of nerves from normal patients was 54.6-66% (mean 61.5%) and from patients with pernicious anemia 29.8-52% (mean 30.4%) expressed as a percentage of the dry weight. Electron microscopic abnormalities were greatest in those nerves with lowest total fat content.3 2 Mass spectroscopy was performed on a Varian Mat GmbH GC/MC system Mat III "Gnom" by R. Carr of Varian Associates, Palo Alto, Calif.
3D'Agostino, A. N., and E. P. Frenkel. Electron microscopic changes in the sural nerve in pernicious anemia. In preparation.
The net contents of the individual methylated fatty acids in the normal, folate deprived, and pernicious anemia nerves are compared in Table I . Of the total fatty acids, 76% in the control, and 72% in the PA nerves were in the C14 through C18 fractions; in both cases about 20% were C20 or longer. Considerable variation was seen in the normal nerves as is reflected in the standard error of the mean in two representative normal fatty acids (C14 0, myristic acid; C16-0, palmitic acid) that had GLC retention times near the odd numbered fatty acids. In spite of this variation in the normal, the nerves from the pernicious anemia patients had a statistically significant decrease in content of these normal FIGURE 5 Catalytic reduction of the separated "abnormal" methylated esters of fatty acids. On the left is a GLC separation of a nerve from a pernicious anemia patient. The peaks A and B were collected and subjected to hydrogenation. Rechromatography following hydrogenation is shown on the right. The GLC retention time of these two peaks is essentially the same as that noted in the whole nerve. propionate into the isolated fatty acids in the nerve from the normal patients is shown in the upper panel of Fig. 3 . Radioactivity was identified primarily in myristic (C14 0) acid, although a small number of counts were also noted in palmitic (C16 0), lauric (C12 0), and caproic (C10 0) acids. The pattern of radioactivity in the isolated fatty acids from the nerve of a pernicious anemia patient is shown in the lower panel of Fig. 3 . The two abnormal fatty acid fractions contained most of the radioactivity identified in these nerves. Significant radioactivity was not identified beyond C18*0, except for one nerve from a pernicious anemia patient which contained a small number of counts in a fatty acid with a very long GLC retention time, well beyond arachidonic acid (C20 .4). In experiments not shown determination of fatty acid synthesis by the 3H20 method in two normal nerves was 1322 and 1120 nmol of "C-equivalents (21) incorporated per 100 mg of nerve and 620 and 920 nmol for two nerves obtained from pernicious anemia patients.
Studies of separated myelin. Electron microscopic examination of the separated myelin preparations demonstrated the classical disrupted lamellar membrane pattern of myelin. Other recognizable structures were absent. Studies performed in one normal and two nerves from B,2 deficient patients revealed 22% of the original counts identifiable in the separated myelin of the normal and 31 and 37% in that of the PA nerves. All of the radioactivity was in C16 0 (palmitic acid) in the myelin from the normal nerve and it was found in C15 as well as C16 0 fatty acids in the myelin from the PA nerves.
Incubation of adipose tissue obtained from the gluteal region of one patient with pernicious anemia with radiopropionate demonstrated only a small incorporation of the labeled precursor into extractable lipids and GLC did not demonstrate the C15 or C17 fatty acids.
Thus, in the presence of vitamin B12 deficiency the net content of normal fatty acids was reduced, and the synthesis of normal fatty acids with propionate as the precursor was decreased when compared to normal nerves. In addition, the presence and synthesis of the abnormal fatty acids (C15 and C17) were identified only in the pernicious anemia nerves.
DISCUSSION
The present study evaluated certain aspects of fatty acid metabolism in nerve slices obtained from sural nerve biopsies from five normal subjects and nine patients with classical pernicious anemia utilizing propionate as the substrate (30) (31) (32) . As a result of these studies four general conclusions can be drawn. First, as noted in Table  I It should be noted that the present fatty acid studies were carried out on nerve slices which contain a variety of cell types. Since the neurological lesion in pernicious anemia appears to be one of dysmyelinization (37, 40) , it was important to know that myelin fatty acids were abnormal. The small quantity of tissue available made this difficult. Nevertheless in the control and two PA nerves where it was possible to isolate myelin after incubation with radiopropionate, the patterns were similar to that seen in whole nerve.
Although the basis for the neurologic lesion in pernicious anemia is unknown, the present observations provide a possible explanation for this defect. In animals myelin has been demonstrated to be in a dynamic state of turnover, and certain lipids (inositol phosphatide and lecithin) are known to turn over more rapidly than others (9, 10) . It has been suggested that the formation and integrity of myelin is dependent upon the quantity of specific fatty acids available (12, 28) . The present study has shown that in the presence of a metabolic intermediate (propionic acid) which is known to accumulate in pernicious anemia, there is a decrease in net synthesis of normal fatty acids in neural tissue. In addition, unusual fatty acids appeared to be synthesized. Thus, decreased synthesis of normal fatty acids and the presence of abnormal fatty acids could result in altered myelin integrity and renewal, or dysmyelinization, which might in time result in defects in neuron function.
It must be emphasized that this formulation, while attractive, is entirely tentative. One source of concern is the observation that not all children with methylmalonic aciduria, a congenital syndrome with a defect in the conversion of methylmalonyl CoA to succinyl CoA (41) (42) (43) (44) (45) (46) equivalent to the B12 deficiency lesion, have neurological disease of the type seen in fully developed pernicious anemia. On the other hand a number of the patients have had mental retardation and peripheral neuropathy (44) .
It is conceivable that failure to develop neuropathy indicates a milder or incomplete defect just as the adult with acquired B12 deficiency may have a variable expression of that state. Under any circumstance, the changes in fatty acid metabolism in the peripheral nerves of patients with pernicious anemia are of interest in themselves and hopefully will lead to a better understanding of the pathophysiology involved.
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